Abscisic acid (ABA) significantly stimulated ethylene production in citrus (Citrus sinensis [L.] Osbeck, cv Shamouti orange) leaf discs. The extent of stimulation was dependent upon the concentration of ABA (0.1-1 milimolar) and the duration of treatment (15-300 minutes). Aging the discs before applying ABA increased ABA-induced ethylene production due to enhancement of both ethylene-forming enzyme activity and the responsiveness of ABA. Discs excised from mature leaves were much more responsive to ABA than discs excised from young or senescing leaves. ABA stimulated ethylene production shortly after application, suggesting that ABA does not enhance ethylene production via the acceleration of senescence. The stimulating effect of ABA on ethylene production resulted mainly from the enhancement of 1-aminocylopropane-1-carboxylic acid synthesis. Stimulation of ethylene production by ABA in intact citrus leaves and tomato (Lycoperskon esculentum Mill., cv Castlemart) fruit was small but could be increased by various forms of wounding.
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Ethylene biosynthesis is regulated by a variety of developmental and environmental factors. It is well documented that plant hormones are capable of regulating ethylene biosynthesis (26) . Among the plant hormones, the effects of IAA and ethylene on ethylene biosynthesis and the mechanism of their action have been thoroughly investigated (26) . ABA has also been shown to affect ethylene biosynthesis. However, the effects of ABA are diverse; it stimulates ethylene production in a number of species (1-4, 8, 10, 12, 13, 19, 23) but inhibits senescence-(1 1), IAA- (6, 13, 27) , and water stress-induced (17, 25) ethylene in others. Suppression of water stress-induced ethylene has been attributed to the inhibition of ACC2 -synthesis by the hormone (17) . On the other hand, it was recently reported that ABA slightly promoted the liberation of ethylene from ACC (24) .
The mechanism by which ABA stimulates ethylene production has not been investigated. Some investigators have claimed that ABA has a direct effect on ethylene biosynthesis (23) while others have suggested that its stimulating effect is indirect, resulting from the acceleration of senescence (10, 12, 18) . In ethylene production by ABA employed excised tissues (1, 3, 4, 8, 10, 12, 13, 23) , and it was not clear whether ABA also stimulates ethylene production in intact organs or whole plants.
In this article, we provide evidence that ABA stimulates ethylene production in citrus leaf tissues directly, predominantly through enhancement of ACC synthesis. We also report that the promotive effect of ABA on ethylene production in intact organs, citrus leaves and tomato fruit is small but can be increased by various forms of wounding. 
MATERIALS AND METHODS

Determination of Ethylene
At various periods during incubation, the plant samples were transferred to proper vessels; citrus leaf discs to a 14-mL test tube, whole citrus leaves to a 56-mL test tube, and tomato fruit to a 1.3-L jar each. Tomato pericarp discs were kept during the entire experimental period in the 24-mL vials. The vessels were sealed and incubated in darkness at 25°C. For determination of ethylene, a 1 -mL air sample was withdrawn from the vessels with a hypodermic syringe and injected into a gas chromatograph equipped with an alumina column and a flame ionization detector.
Absolute values of ethylene varied between experiments due to seasonal effects. However, the pattern of the response to ABA was always similar.
Determination of ACC ACC was extracted with 2 volumes of 5 mL 80% (v/v) ethanol at 80°C. After removal of the ethanol, the extract was brought to a volume of 2.5 mL with water. An aliquot was assayed for ACC content by the method of Lizada and Yang (15) .
Assay of EFE Activity EFE activity was determined in vivo by measuring the conversion of applied ACC to ethylene. Discs were floated for 15 min on an aqueous solution containing a saturating solution (17) of ACC (5 mM). At the end of treatment, discs were blotted dry on filter paper and then transferred to a 14-mL test tube for 30 or 60 min for determination of ethylene production. For measuring EFE activity in ABA-treated discs, ABA was applied together with 0.5 mM AVG and the EFE activity was determined as described above.
All experiments were repeated at least twice. Data are means of 3 to 6 replicates ± SE.
RESULTS
Effect of Aging
Leaf discs were incubated for various periods before applying ABA. Aging for 24 or 48 h significantly enhanced ABAinduced ethylene production by about fourfold compared to nonaged discs (Fig. 1) . Untreated discs produced low levels of ethylene regardless of the aging period. leaf discs. Incubation periods longer than 300 min did not result in higher ethylene production rates.
Effect of Leaf Age
Discs were excised from leaves of three different ages and then treated with ABA. Untreated discs from young leaves produced almost no ethylene whereas discs from mature and senescing leaves produced low but significant levels of ethylene (Fig. 4) . Discs from mature leaves were the most responsive to ABA while discs from senescing leaves were the least responsive.
Except where otherwise stated, all further experiments were performed with discs excised from mature leaves and aged for 24 h before treating with ABA for 6 h. Figure 3 . Effect of the duration of ABA treatment on ethylene production in citrus leaf discs. Aged discs were treated with either water (control) or 1 mm ABA for various periods, and ethylene production rates were determined 12 h after the initiation of treatment. Increased ethylene production by ABA was detected 7 h after the initiation of treatment (Fig. 5A) . ABA-induced ethylene peaked after 16 h and decreased later on. Ethylene production in untreated leaves remained low throughout the entire experimental period.
In a second experiment, discs were treated with ABA for 1 h, instead of the 6 h standard treatment period, and ethylene was measured every hour after removal of the discs from ABA in order to determine the time required for ABA to stimulate ethylene production. It is evident that ABA already E C-, C-TIME (h) Figure 5 . Effect of ABA on the time course of ethylene production (A) and ACC accumulation (B) in citrus leaf discs. Aged discs were treated with either water (control) or 1 mm ABA for 6 h, and ethylene production rates were determined at various times, as indicated, after the initiation of treatment. The same discs were employed for assay of ACC content after ethylene determination. Inset, time course of ethylene production in discs treated with either water or ABA for 1 h.
had induced a two-fold increase in ethylene production 2 h after the initiation of treatment (Fig. 5A, inset) .
Site of ABA Sfimulation ACC levels in untreated discs were low throughout the entire incubation period (Fig. 5B) . ABA induced ACC accumulation in a pattern similar to that of ethylene production (Fig. 5A) .
The effect of ABA on EFE activity was measured in vivo by adding a saturating concentration ofACC (17) . Since ABAinduced ethylene might itself stimulate EFE activity (22) , ethylene was eliminated by adding AVG to the treatment solution. Under these conditions any increase in EFE activity could be related to ABA. AVG completely blocked the stimulating effect of ABA in discs incubated without ACC (Fig.  6 ) ABA treatment increased EFE activity by about two-fold as compared to untreated discs. Figure 6 . Effect of ABA on EFE activity in citrus leaf discs. Aged discs were treated with either water or 1 mm ABA for 6 h with or without 0.5 mm AVG. Twelve h after the initiation of treatment, some of the discs were further treated with 5 mm ACC for 30 min. Ethylene production rates were determined immediately after termination of the ACC treatment. 4 TIME (h) Figure 7 . Effect of aging on EFE activity in citrus leaf discs. Freshly excised (nonaged) discs or discs aged for 24 h were treated either with water (control) or 5 mm ACC for 30 min. Ethylene production rates were determined at various times after termination of treatment.
Nature of the Aging Effect
Aging increased EFE activity in discs receiving no ABA (Fig. 7) . In discs aged for 24 h, EFE activity was 2.5-fold higher than that in freshly excised discs. In addition, aging increased the responsiveness of the discs to ABA as evidenced by the higher levels of ACC detected in aged discs (Fig. 8) .
Effect of Wounding
Treatment of whole detached citrus leaves with ABA was almost ineffective (Fig. 9) within 4 h after the initiation of treatment, and it increased continuously up to 24 h and then leveled off. The interaction of wounding with the effect of ABA on ethylene production was further studied in a mature-green tomato tissue. Tomato pericarp discs showed the characteristic burst of wound ethylene (26) with a second rise in ethylene production, probably due to senescence (Fig. 10) . The same pattern of ethylene production was also evident in ABAtreated discs but ethylene production rates were much higher.
Whole tomato fruit were treated with ABA either by vacuum infiltration through the stem scar or by dipping the cut pedicel in the treatment solution. It has been shown that vacuum infiltration causes wound ethylene production (9), 12 TIME (h) Figure 10 . Effect of ABA on the time course of ethylene production in pericarp discs of mature-green tomato. Discs were treated continuously with either water (control) or 1 mm ABA, and ethylene production rates were determined at various times, as indicated, after the initiation of treatment.
whereas the second method is supposed to leave the fruits unharmed. Indeed, in fruit receiving no ABA, vacuum infiltration caused significant wound ethylene production ( Fig.  1 1) . In contrast, application of solutions through the pedicel did not affect ethylene production in these fruit. Although fruit treated by the two methods took up similar amounts of ABA, fruit treated by vacuum infiltration produced much higher levels of ethylene in response to ABA treatment.
DISCUSSION
One of the main questions arising in hormone research is whether the hormone is acting directly on the process observed. In the study of ethylene biosynthesis, it is well documented that auxin-induced ethylene biosynthesis is due to the induction of ACC synthase by the auxin (26) . Ethylene itself can regulate its own biosynthesis, either stimulating or inhibiting it (26) , but, contrary to auxin, its effect on ethylene biosynthesis is more complex. When stimulating, ethylene has been shown to induce ACC synthase and EFE activities (26) . When inhibiting, it suppresses ACC synthase activity (26) and increases the activity of ACC malonyl-transferase (14) . Tan and Thimann (24) suggested, however, that the inhibitory effect of ABA on ethylene production is due to a diversion of one of the stages preceding ACC formation, thus decreasing the amount of ACC, but leaving the oxidation rate unchanged or even slightly accelerated. Stimulation of ethylene production by ABA is well documented (1-4, 6, 8, 10, 12, 13, 19, 23) , but very little has been done to characterize the ABA action. Several investigators have claimed that ABA does not increase the production of ethylene directly, but does so indirectly by accelerating senescence (10, 12, 18 Figure 11 . Time course of ethylene production in whole greenmature tomato fruit treated with ABA by two different methods. One and a half mL of either water (control) or 10 mm ABA were applied to fruit through the fruit stem or by vacuum infiltration. Ethylene production rates were determined at various times, as indicated, after the initiation of treatment.
course of the ABA effect. It is clearly evident that ABA induced a significant increase in ethylene production shortly after application (Fig. 5A, inset) . This observation suggests that ABA induces ethylene biosynthesis directly and that its action is not via the acceleration of senescence which occurs much later. The stimulating effect of ABA results mainly from an increase in ACC synthesis (Fig. 5B) , although some effect on EFE activity was also recorded (Fig. 6) .
Aging amplifies the effect of ABA on ethylene production. Aging seems to have a dual effect on this system: (a) it induces EFE activity independent of ABA (Fig. 7) , and (b) it increases the responsiveness of the tissue to ABA as evidenced by the increased synthesis of ACC in aged discs (Fig. 8 ). Jackson and Osborne (10) also reported that aging of bean explants for 24 h increased the sensitivity to ABA in terms of ethylene production and abscission. They proposed that aging reduces the level ofendogenous IAA which counteracts the effect ofABA. Our data do not support this hypothesis. Discs excised from senescing leaves were the least responsive to ABA (Fig. 4) although these leaves contain less IAA than mature leaves (21) .
Most studies on the effect of ABA on ethylene production were performed in excised tissues (1, 3, 4, 8, 10, 12, 13, 23) . In many tissues such as citrus (Fig. 9) , wounding causes very little ethylene production but it increases the responsiveness of the tissues to ABA (Figs. 9 and 1 1) . We believe that this is not a consequence of increased uptake of ABA. At least in tomato, similar amounts of ABA were taken up by both wounded (vacuum infiltrated) and unwounded (application through the fruit stem) fruit. Nevertheless, wounded fruit reacted much more strongly to ABA than unwounded fruit. Data for intact and wounded detached citrus leaves are similar (20; and Fig. 9 ). However, the possibility that the tiny wound exerted to the leaves induced some increase in water loss, and hence a greater ABA uptake cannot be ruled out.
The diverse effects of ABA on ethylene production seem to be complex. At present, it is impossible to propose a general explanation why ABA stimulates ethylene production in certain species and inhibits it in others. Inhibition of ethylene production by ABA has been observed mainly in monocots  (1 1, 17, 25 ), whereas stimulation of ethylene production by ABA has been observed mainly in dicots (1-4, 6, 8, 10, 12,  13, 19, 23) . However, there are some exceptions to these generalizations. At least in two cases, ABA has also been reported to stimulate ethylene production in monocots (5, 25) . In addition, ABA is known to suppress IAA-induced ethylene in dicots (6, 13, 26) .
Goldschmidt (7) found in citrus leaves that endogenous ABA ranged from 135.9 to 587.7 ng g-' fresh weight. Thus, it may be argued that the responses reported here may be nonphysiological. However, it should be kept in mind that exogenously applied ABA appears to be degraded rapidly in plant tissue (e.g. 16, 28) and the physiologically effective amount of ABA in the tissue is usually much smaller than that applied.
Although it is almost obligatory to carry out experiments as described above in excised tissues, we cannot avoid the question what is the significance ofABA in regulating ethylene production in the whole plant during processes such as senescence and abscission. This dilemma is demonstrated by (a) the observations that ABA is mainly active in excised tissues, and (b) the low sensitivity of senescing tissue to ABA. The present observations should be taken into consideration when studying effects of ABA on processes in which ethylene is involved.
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